Resistin-like molecule (RELM ) is a highly secreted protein in type 2 (Th2) cytokine-induced inflammation including helminth infection and allergy. In infection with Nippostrongylus brasiliensis (Nb), RELM dampens Th2 inflammatory responses. RELM is expressed by immune cells, and by epithelial cells (EC); however, the functional impact of immune versus EC-derived RELM is unknown. We generated bone marrow (BM) chimeras that were RELM deficient (RELM −/− ) in BM or non BM cells and infected them with Nb. Non BM RELM −/− chimeras had comparable inflammatory responses and parasite burdens to RELM +/+ mice. In contrast, both RELM −/− and BM RELM −/− mice exhibited increased Nb-induced lung and intestinal inflammation, correlated with elevated Th2 cytokines and Nb killing. CD11c + lung macrophages were the dominant BM-derived source of RELM and can mediate Nb killing. Therefore, we employed a macrophageworm co-culture system to investigate whether RELM regulates macrophage-mediated Nb killing. Compared to RELM +/+ macrophages, RELM −/− macrophages exhibited increased binding to Nb and functionally impaired Nb development. Supplementation with recombinant RELM partially reversed this phenotype. Gene expression analysis revealed that RELM decreased cell adhesion and Fc receptor signaling pathways, which are associated with macrophage-mediated helminth killing. Collectively, these studies demonstrate that BM-derived RELM is necessary and sufficient to dampen Nb immune responses, and identify that one mechanism of action of RELM is through inhibiting macrophage recruitment and interaction with Nb. Our findings suggest that RELM acts as an immune brake that provides mutually beneficial effects for the host and parasite by limiting tissue damage and delaying parasite expulsion.
INTRODUCTION
Infections with parasitic worms induce a T helper type 2 (Th2) immune response that is important for controlling parasite burdens during primary infection and for immunity to subsequent secondary infections. [1] [2] [3] [4] Additionally, Th2 immune responses have evolved to rapidly repair tissue damage caused by parasitic worms, and to restore tissue integrity and homeostasis following parasite killing. [5] [6] [7] However, excessive Th2 immune responses are detrimental to the host where they can contribute to allergic inflammatory responses and tissue fibrosis. [8] [9] [10] Therefore, Th2 immune responses must be carefully balanced for optimal anti-parasitic immunity and tissue repair while limiting excessive inflammation and fibrosis. Investigation of host factors that regulate such immune responses could have broad implications for the treatment of these pathologies. Here we investigated the contribution of Resistin-like molecule (RELM /R ) to this host regulatory pathway in helminth infection.
RELM is a host-derived protein that is highly expressed in several disease conditions including helminth infection, colitis, diabetes, allergy, and asthma. [11] [12] [13] [14] [15] [16] In mouse models of asthma, RELM expression is elevated in the lung following allergen challenge, where it was postulated to promote airway hyperresponsiveness. 11, 17, 18 Other studies using genetic deletion of RELM or RELM overexpression have suggested instead a beneficial function for RELM in limiting Th2 cytokine-induced inflammation in mouse models of asthma and mouse helminth infection. [19] [20] [21] Although protective in dampening lung inflammatory responses, RELM paradoxically impaired optimal parasite expulsion in infection with the hookworm Nippostrongylus brasiliensis (Nb). 19, 21 The mechanism of RELM -induced immunoregulation has been investigated in in vitro activated bone marrow (BM)-derived macrophages and dendritic cells. 13, [22] [23] [24] These studies showed that RELM expressed by alternatively activated macrophages (AAMac) dampened CD4 + Th2 cell responses whereas RELM derived from dendritic cells promoted CD4 + IL-10 production. However, whether in vivo derived RELM from these immune cells functionally impacts helminth infection-induced inflammatory response or helminth expulsion is unclear. Indeed, RELM is also expressed by non-immune cells such as airway epithelial cells (EC), although the function of non-immune cell-derived RELM is less well understood. In contrast to immune cells that can traffic to various sites in the body, EC are stationary and provide a barrier against pathogens. Nevertheless, EC contribute to host protective immunity by secreting chemokines and other proteins, such as trefoil factors, that mediate lung tissue repair following hookworm infection. 25 In this study, we investigated the functional contribution of RELM derived from immune and non-immune cells and explored the mechanism of RELM inhibition of helminth expulsion. Employing RELMdeficient BM chimeras, we show that immune cell-derived RELM , and not EC-derived RELM , downregulates the Th2 inflammatory response against hookworms and impairs clearance of worms by the host. Further, we identify CD11c + F4/80 + macrophages as the primary source of immune cell-derived RELM in the lungs. We utilize CD11c + macrophage-worm co-culture assays to demonstrate that RELM impairs macrophage-worm interaction and killing. Last, to identify potential downstream mechanisms of RELM signaling on macrophages, we utilized NanoString technology to measure RELMinduced changes in expression of over 700 myeloid specific genes in purified lung macrophages. Functional enrichment pathway analysis revealed that RELM treatment downregulated genes associated with macrophage-mediated helminth killing, such as cell adhesion and Fc receptor signaling, but upregulated genes associated with cell cycle and apoptosis and Th1 activation. Collectively, our data implicate immune cell-derived RELM as an important regulatory factor in hookworm infection through two mechanisms: (i) inhibiting Th2 inflammatory responses and (ii) directly acting on macrophages to impair adhesion to the worm.
MATERIALS AND METHODS

Mice
C57BL/6 and CD45.1 mice purchased from the Jackson Laboratory were bred in-house. RELM −/− (Retnla −/− ) mice were generated and genotyped as previously described. 19 
BM transfer
C57BL/6 (CD45.2), CD45.1, and RELM −/− CD45.2 mice were used in BM chimera generation. Age and sex-matched animals were used as recipients of BM isolated from wild-type (WT) or RELM −/− mice.
Recipients were sublethally irradiated twice with 600 rad and reconstituted with 3 × 10 6 total BM cells administered via retroorbital injection. Donor chimerism was evaluated 8 weeks later via flow cytometry using blood stained with allotype-specific antibodies that recognized CD45.1 or CD45.2 (eBioscience). Mice that showed <75% donor chimerism were excluded from further experimental analysis.
Infection
Nb hookworms were obtained from the laboratory of Graham Le Gros (Malaghan Institute, New Zealand). Nb life cycle was maintained in Sprague-Dawley rats purchased from Harlan Laboratories (Indianapolis, Indiana). Mice were injected subcutaneously with 500 Nb infectious third-stage larvae (L3) and sacrificed at days 3, 7, or 9 post-infection.
The number of parasite eggs in the feces of infected mice were counted using a McMaster counting chamber and saturated salt solution on days 6-9 following infection. To quantify the number of adult worms within the small intestine, the small intestines of infected mice were cut longitudinally and incubated in PBS at 37 • C for 2 h to allow worms to migrate out of the tissue. The number of worms in the intestines were then manually quantified. To generate Nb immune mice, mice were allowed to clear Nb infection and re-infected with 500 L3 at 21 days post primary infection. Immune mice were sacrificed at day 4 post-secondary infection.
Sample collection, processing, flow cytometry, and cell sorting
Bronchoalveolar lavage (BAL) fluid and cells were recovered through washing twice with 800 l of ice-cold 1X PBS. Cells were recovered by centrifugation and leukocytes were enumerated by manual counting using a hemocytometer. For flow cytometry, BAL cells were blocked with 0.6 g rat IgG and 0.6 g anti-CD16/32 (2.4G2) and stained for 25 
RT-PCR
RNA from lung tissue was extracted with TRIzol (Sigma-Aldrich;
St. Louis, MO), and RNA from cells was extracted by using the Aurum total RNA minikit (Bio-Rad; Hercules, CA). iScript reverse transcriptase was used for cDNA synthesis (Bio-Rad; Hercules, CA). RT-PCR was performed with the Bio-Rad CFX Connect system using Bio-Rad CFX Manager 3.1 software. Retnla and GAPDH primers were purchased from Qiagen (Hilden, Germany).
Cytokine quantification
For sandwich ELISA, Greiner 96-well medium bind plates were coated with primary antibody to cytokines (RELM , Peprotech (Rocky Hill, NJ); IL-13 and IL-4, eBioscience (San Diego, CA) overnight at room temperature. Plates were blocked with 5% newborn calf serum in 1X PBS for 1 h at 37 • C. Sera or tissue homogenates were added at various dilutions and incubated at room temperature for 2 h. Cytokines were detected by applying biotinylated antibodies (RELM , Peprotech; IL-13 and IL-4, eBioscience (San Diego, CA) for 1 h at 37 • C followed by incubation with streptavidin-peroxidase (Jackson ImmunoResearch Laboratories (West Grove, PA)) for 1 h at room temperature. Substrate TMB (BD Biosciences, San Jose, CA) was added followed by addition of 2N H 2 SO 4 as a substrate stop, and the optical density was captured at 450 nm. Samples were compared to a serial-fold dilution of recombinant cytokine.
Histology
Lungs were inflated with 1 ml one part 4% paraformaldehyde Sections were incubated with appropriate fluorochrome-conjugated secondary antibodies for 2 h at room temperature and counterstained with DAPI. For pathology, lung sections were stained with H&E. Sections were visualized under a DM5500B microscope (Leica; Wetzlar, Germany). assessed with custom-made Fiji macros as previously described. 26 For worm measurements, larvae from co-culture assays or Nb-infected mouse lungs were placed on a thin layer of 2% agarose pad and covered by a coverslip. Images of worms were taken using a camera (Canon EOS T5i; Tokyo, Japan) attached to a bright field microscope (Leica DM2500; Wetzlar, Germany). Worm measurements were done by tracing worm length and width in bright field images. Worm length was determined by tracing the worm lengthwise long the central line. Worm width was measured by tracing the widest region of the midsection.
Nippostrongylus-lung
ATP assay
At the end of the co-culture assay, cells adhered to worms were removed by lysing with water. Larvae from each treatment were individually picked in 1X PBS, mixed with CellTiter-Glo 2.0 luminescent reagent (Promega; Madison, WI) and homogenized using a bead beater at 4 • C for 5 min. The homogenates were centrifuged at 1000 × g for 2 min. Supernatants were transferred to a black 96-well clear-bottom plate and luminescence was recorded by using a Glomax Multi detection system (Promega;
Madison, WI). An ATP standard curve was generated by using ATP disodium salt (Sigma-Aldrich (St. Louis, MO)).
Scanning electron microscopy (SEM)
At day 7 of the co-culture assay, worms from each treatment were washed in 1X PBS and fixed in 2.5% glutaraldehyde (Fisher Scientific) for 1 h on ice. Samples were washed three times in 1X PBS and fixed in 1% osmium (Fisher Scientific; Hampton, NH) at room temperature in the dark for 1 h. Samples were washed three times in 1X PBS and dehydrated in an ethanol gradient; 25% ethanol for 10 min, 50% ethanol for 10 min, 75% ethanol for 10 min, and stored in 100% ethanol at 4 • C until imaging. Samples were air dried overnight at room temperature and sputter coated in platinum and palladium. Samples were imaged using the XL30 scanning electron microscope (SEMTechSolutions; North Billerica, MA). Gene expression data was deposited on Geo (https://www.ncbi.nlm.
Gene expression analysis by NanoString
nih.gov/geo/), GSE116552.
Statistical analysis
All statistics were analyzed by Graphpad Prism software. Where appropriate, Student's t test (for normal distribution data), MannWhitney nonparametric test (for asymmetric distribution data), and two-way ANOVA (for analysis of more than one experiment) were used (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.0001).
RESULTS
Nb infection induces RELM expression in EC and alveolar macrophages
RELM exhibits a remarkably diverse expression pattern and is expressed by immune and non-immune cells in a variety of Th2 inflammatory diseases, including helminth infection and airway allergic inflammation. We and others previously showed that RELM dampens in vivo Th2 immune responses to helminths, and that macrophage and dendritic cell-derived RELM regulates CD4 + T cell cytokine expression. 13, 19, 21 However, the contribution of RELM derived from immune and non-immune cells in vivo following Nb-infection has not been evaluated. We examined cell-specific RELM expression in WT C57BL/6 mice, subcutaneously injected with 500 Nb L3 (or control 1X PBS) and sacrificed at day 7 post-infection when RELM protein levels in the infected tissues are highest. 19, 28 In accordance with previous studies, both the lung and small intestine, which are colonized by Nb, had significantly increased Nb-induced RELM ; however, RELM mRNA levels were over 400-fold higher in the lung ( Although RELM expression in non-immune airway EC and intestinal goblet cells was possible to visualize according to cell morphology, identifying the specific immune cells that express RELM by IF staining was not possible. Instead, we performed cell sorting on dissociated lung tissue of Nb-infected mice, where RELM expression is highest, followed by RT-PCR analysis of RELM mRNA levels, normalized to a housekeeping gene. Purity of sorted cells was analyzed by flow cytometry and H&E-stained cytospins, revealing >90% purity (Fig. 1C) .
CD11c + F4/80 + alveolar macrophages were the major immune cellular source of RELM in the lung followed by CD11c + MHCII + dendritic cells and CD11c − SiglecF + eosinophils, whereas Ly6C + monocytes and Ly6G + neutrophils produce little to no RELM (Fig. 1D ). Together these studies reveal that Nb infection induces RELM expression by lung and intestinal EC and by immune cells, specifically macrophages. To date, the contribution of each of these cellular sources of RELM to the outcome of Nb infection has not been explored.
Generation of RELM −/− BM chimeras to determine the contribution of BM and non BM-derived RELM in Nb infection
Given the lack of available cell-specific RELM −/− mice, we took advantage of BM chimera technology to delineate the role of non-immune Fig. 2A) . Specific analysis of alveolar macrophages in the lung revealed greater than 96% reconstitution (Fig. 2B) . BM chimeric mice were infected with Nb, and sacrificed at day 9, followed by examination of RELM expression. Lung IF staining revealed RELM co-stained with macrophage-binding lectin, Griffonia simplicifolia lectin (GSL) in WT and non BM RELM −/− mice but not BM RELM −/− or RELM −/− mice, validating that BM-specific RELM deletion abrogated macrophage expression of RELM (Fig. 2C) .
Conversely, RELM co-stained with airway EC marker CC10 in WT and BM RELM −/− mice, but was abrogated when recipient mice were RELM −/− (Fig. 2D) . Similarly, we examined RELM expression in the Nb-infected small intestine (Fig. 2E ). All chimeras except RELM −/− mice had RELM + cells (red), but only WT and non BM RELM −/− intestinal tissue sections had co-expression of RELM with F4/80 + macrophages (green).
We next evaluated if deletion of RELM specifically in the BM or the non-hematopoietic cell compartment affected local or systemic RELM protein levels. BAL fluid RELM was increased in Nb-infected WT mice compared to naïve WT mice (Fig. 2F) . However, RELM deletion in the BM (BM RELM −/− ) did not affect BAL fluid RELM levels, suggesting that BM cells contribute little to no RELM in the airways. In contrast, when RELM was deleted in airway EC (non BM RELM −/− ), BAL fluid RELM was significantly reduced to levels observed in naïve mice. We observed the opposite phenotype for systemic RELM expression (Fig. 2G) , where BM-specific RELM deletion significantly abrogated Nb-induced circulating RELM , whereas non BM RELM −/− mice still exhibited elevated serum RELM levels.
Together, these data delineate the contribution of immune and non- (Fig. 3B) . Similarly, serum IL-13 levels and BAL fluid IL-4 levels quantified by ELISA revealed that RELM −/− and BM RELM −/− mice had elevated levels of these Th2 cytokines (Fig. 3C) .
We next determined if the increased infection-induced inflammatory responses functionally impacted Nb burdens (3D). RELM −/− and BM RELM −/− mice had significantly reduced intestinal worm and fecal egg burdens, whereas there were no differences between WT and non BM RELM −/− mice. Therefore, although RELM is highly expressed by non BM-derived airway EC and BM-derived immune cells, RELM from immune cells is necessary and sufficient to downregulate Nb immune responses, whereas non BM-derived RELM has no obvious effect on Nb infection. Functionally, BM-derived RELM is host-protective by limiting tissue damage and inflammation, but also leads to higher parasite burdens likely due to impaired Th2 cytokinemediated mechanisms of Nb killing. AAMac from the lung interact with and mediate Nb killing. 29 Together with our findings that RELM deficiency specifically in immune cells enhanced Nb killing, we hypothesized that RELM −/− macrophages would exhibit enhanced ability to kill Nb. We, therefore, investigated whether RELM affected lung macrophage interaction and killing of Nb L3 in an in vitro Nb-lung cell co-culture assay, modified from the Nb vaccination studies (Fig. 4A ). WT and RELM −/− mice were infected with Nb for 21 days, followed by secondary Nb challenge to enhance AAMac responses. Four days following reinfection, lungs were recovered for isolation of lung macrophages.
RELM
Lung alveolar macrophages express CD11c; therefore, we performed CD11c enrichment by magnetic bead purification. Although lung dendritic cells also express CD11c, the percentage of lung dendritic cells (CD11c + MHCII hi , 20%) is lower than lung macrophages (CD11c + F4/80 + , 60%). We first examined RELM secretion by CD11c positive and negative fraction in response to co-culture with live Nb L3 (Fig. 4B) . Co-culture with Nb L3 led to increased RELM secretion especially in the CD11c + fraction. These results are consistent with the RT-PCR results of sort-purified lung cells, and confirm that CD11c + macrophages express more RELM than other immune cell-types such as eosinophils, which have been previously reported to express high RELM levels.
We next examined CD11c + lung macrophage interaction with Nb L3 over the course of 7 days (Fig. 4C) . There was equivalent cell adherence to the Nb at day 1 post co-culture; however, we observed that RELM −/− CD11c + cells exhibited increased adherence to worms compared to WT cells starting at day 3 post co-culture, suggesting that RELM inhibited the ability of CD11c + cells to bind to Nb. To determine if cell adherence functionally affected Nb, we measured Nb motility in the co-culture using videos. Compared to Nb incubated with WT macrophages, Nb incubated with RELM −/− macrophages had significantly decreased motility (Fig. 4D) . At the end of the in vitro co-culture, we recovered Nb L3 and measured worm ATP levels as a measure of worm viability (Fig. 4E ). There was a significant decrease in Nb ATP levels from RELM −/− macrophage cultures compared to WT macrophage cultures. Together, these data suggest that RELM inhibits macrophage adherence to Nb, and subsequent func- (Fig. 4B) . In contrast, RELM treatment of RELM −/− cultures completely restored Nb motility and ATP levels to those observed in Nb cultured with WT macrophages (Figs. 4D-E) . Together these results suggest that RELM acts both directly on lung macrophages to suppress interaction with Nb, and indirectly, through other cell-types and cytokines to regulate macrophage activation.
We also examined Nb co-culture with CD11c + cells from naïve (unvaccinated) WT or RELM −/− mice in comparison to co-culture with immune (vaccinated) CD11c + mice (above). Naïve WT CD11c + cells cultured with Nb produced significantly less RELM than immune CD11c + cells at days 3, 5, and 7 post co-culture (Fig. 4F) . Examination of cell adherence to Nb revealed that both naïve WT and RELM −/− cells exhibited minimal binding (Fig. 4G ). This was in contrast to immune cells, where RELM −/− CD11c + cells adhered the most, consistent with previous findings (see Fig. 4C ). Finally, immune RELM −/− CD11c + cells were significantly better able to impair Nb motility than WT CD11c + cells (Fig. 4H) . However, no significant dif- (Fig. 5A ).
To visualize macrophage-Nb interaction, we performed SEM imaging of Nb L3 following co-culture with WT or RELM −/− macrophages (Fig. 5B) . SEM images revealed close interaction and adherence of both WT and RELM −/− macrophages to Nb L3. However, WT macrophages were rounder, and the area of focal adhesion to the worm was small and distinct. In contrast, the focal contact point of RELM −/− macrophages appeared larger in area, resulting in flatter macrophages for a more expansive contact with the worm on a per cell basis. We investigated the physiologic relevance of the in vitro effects of RELM −/− cells on Nb growth in in vivo Nb infection. WT and RELM −/− mice were infected with Nb and sacrificed at day 3, followed by recovery of Nb larvae from the lungs. Although numbers of worms recovered from WT mice versus RELM −/− mice were equivalent (Fig. 5C) , Nb recovered from RELM −/− lungs were shorter in length and significantly smaller in width compared to Nb recovered from WT lungs (Fig. 5D ).
Although there are important differences in timing between the in vitro (7 days) and in vivo (3 days), these data both indicate that Nbinduced macrophages differentiated in a RELM -deficient environment exhibit an enhanced activation phenotype. We show that RELM 
Gene expression analysis reveals that RELM signaling in lung macrophages downregulates pathways associated with cell adhesion and Fc receptor signaling
We previously showed that recombinant RELM treatment of RELM −/− macrophages could restore the WT macrophage phenotype, notably the reduced ability to bind to the worm and impair its motility and fitness (see Fig. 4C ). Therefore, we employed this controlled in vitro system to delineate potential downstream mechanisms by which RELM regulates macrophage-Nb interaction. We utilized NanoString technology to screen over 750 myeloid-associated genes in RELM −/− CD11c + lung macrophages and identify those that were differentially expressed in response to RELM . CD11c + lung macrophages were sorted from the lungs of RELM −/− mice at day 9 post Nb infection, with ∼99% purity (Fig. 6A ). Macrophages were rested overnight then stimulated with control PBS or recombinant RELM for 4 h, followed by analysis of cell lysate for 750 myeloid associated gene-encoded mRNAs. NanoString advanced pathway analysis of RELM versus PBS-treatment revealed a number of biologic pathways that were changed in response to RELM treatment (Fig. 6B) . Genes associated with Th1 cytokine and chemokine signaling, and cell cycle and apoptosis were upregulated. These results may be consistent with previous studies showing that RELM promotes chemotaxis and proliferation. [30] [31] [32] Given that RELM downregulates Th2 cytokines, 13, 21 it is likely that Th1 cytokine signaling is conversely enhanced. In addition, genes associated with TLR signaling, antigen presentation, Fc receptor signaling, and cell migration and adhesion were significantly downregulated in the RELM treatment compared to PBS (Figs. 6C and 6D ). Downregulation of cell adhesion pathways is in line with our observation that RELM treatment impairs cell adhesion to Nb. Further, previous studies have shown the importance of Fc receptor-mediated nematode killing; 26 therefore, downregulation of these pathways by RELM may explain the reduced ability of macrophages to bind and impair Nb motility and fitness.
We further analyzed the differentially expressed genes between PBS versus RELM treatments, using the cut-off value P < 0.06, and categorized them according to putative functions (Table 1) . Of these, RELM downregulated 14 genes and the remaining 18 were upregulated. Interestingly, some genes associated with alternatively activated or resolving macrophages activation were downregulated, such as Arg1, the macrophage inhibitory factor Mif, the anti-inflammatory receptors Fpr-rs5 (member of the lipoxin receptor family N-formyl peptide receptor 1), and Trem2. 33, 34 Of the genes that were upregulated by RELM , we found genes associated with wound healing (Mmp19 and Pdgfra), genes associated with cell survival (Tm7sf3, Bcl2) and genes associated with macrophage signaling and effector functions (Rgs1).
These results show that RELM signaling impacts various biologic pathways and we have identified potential candidate genes that might be negatively regulated by RELM to impair adhesion to the worm and killing.
DISCUSSION
Although hookworms are intestinal parasites, their development relies on their initial migration through the host lung. 35 As such, the Th2 immune response that occurs in the lung is critical for parasite clearance, especially following secondary challenge, and needs to be considered when investigating protective immunity to hookworms. 36, 37 However, hookworm-induced lung inflammation must also be closely regulated to prevent aberrant worm-induced inflammation. Th2 cytokine-activated AAMac are critical contributors to this delicate balance between immunity and inflammation. In Nb infection, these cells can directly interact with and kill the worm but also are protective in resolving infection-induced lung hemorrhage and reducing neutrophil infiltration. 5, 29, 38 AAMac also indirectly mediate Nb expulsion by promoting Th2 cytokine responses and inducing intestinal smooth muscle contractility. 39, 40 AAMac secrete factors and upregulate cell surface molecules that may contribute to these functions; however, studies delineating the contribution of these specific factors to AAMac function in vivo are lacking. In this study, we focused on the function of RELM , a secreted protein that is highly expressed by AAMac in a Th2 cytokine-dependent manner. 41 By utilizing BM chimeric mice, we tested the importance of BMderived and EC-derived RELM for the outcome of hookworm infection and hookworm-induced inflammation. BM-derived RELM was found to downregulate immune cell infiltration in the lungs, IL-13, and IL-4 cytokines. Consequently, mice expressing RELM only in BMderived cells had higher worm burdens in the intestine compared to mice expressing RELM in ECs. Therefore, we discovered that BM or immune cell-sourced RELM is immunomodulatory whereas ECsourced RELM is not. An explanation for this observed phenotype 
